We performed angle-resolved photoemission experiments on CaC 6 and measured k z -dependent electronic structures to investigate the interlayer states. The results reveal a spherical interlayer Fermi surface centered at the point. We also find that the graphene-driven band possesses a weak k z dispersion. The overall electronic structure shows a peculiar single-graphene-layer periodicity in the k z direction although the CaC 6 unit cell is supposed to contain three graphene layers. This suggests that the c-axis ordering of Ca has little effect on the electronic structure of CaC 6 . In addition to CaC 6 , we also studied the a low-temperature superconductor BaC 6 . For BaC 6 , the graphene-band Dirac-point energy is smaller than that of CaC 6 . Based on data from CaC 6 and BaC 6 , we rule out the C xy phonon mode as the origin of the superconductivity in CaC 6 , which strongly suggests interlayerstate-driven superconductivity. Since the discovery of superconductivity in CaC 6 [1], a graphite intercalation compound (GIC) with the highest transition temperature, there have been various reports that suggest different origins for the superconductivity. The true origin of the superconductivity is still under debate. There were two prevailing views on the superconducting mechanism: The first view is the interlayer-state-driven (IL-state-driven) superconductivity that emphasizes the role of IL states in the superconductivity [2] [3] [4] [5] [6] [7] [8] . The other is the graphene-driven superconductivity, which is equivalent to the electron-doped graphite-based superconductivity [9, 10] .
Since the discovery of superconductivity in CaC 6 [1] , a graphite intercalation compound (GIC) with the highest transition temperature, there have been various reports that suggest different origins for the superconductivity. The true origin of the superconductivity is still under debate. There were two prevailing views on the superconducting mechanism: The first view is the interlayer-state-driven (IL-state-driven) superconductivity that emphasizes the role of IL states in the superconductivity [2] [3] [4] [5] [6] [7] [8] . The other is the graphene-driven superconductivity, which is equivalent to the electron-doped graphite-based superconductivity [9, 10] .
Various experiments have been performed to find the origin of the superconductivity [5, 6, [9] [10] [11] [12] [13] [14] [15] [16] [17] , including angleresolved photoemission spectroscopy (ARPES) experiments for electronic structure studies [6, 9, 10, 16, 17] . IL states are indeed observed, which is consistent with the IL-driven superconductivity [6, 16, 17] . More importantly, there is a report that shows a superconducting gap only on the IL Fermi surface but not on the graphene π * band [6] . It was argued in the report that the role of IL states is more important than that of the graphene band in the formation of Cooper pairs. On the other hand, there are other reports of ARPES results that suggest a significant role of the graphene π * bands [9, 10] . In fact, there was no sign of the IL band in these reports. In addition, superconducting transition temperatures of various superconducting GICs could be successfully estimated by using electron-phonon coupling constants extracted from the graphene in-plane phonon-related kink structures.
There are conflicting reports, as discussed above, even for the basic electronic structure. Part of the reason comes from the absence of full Brillouin zone (BZ) electronic structure data. * Present address: Department of Physics and Astronomy, Seoul National University, Seoul 08826, Korea; changyoung@snu.ac.kr
Because the IL band is expected to have three-dimensional (3D) dispersion, k z -dependent electronic-structure studies are essential. However, to the best of our knowledge, no report exists of k z -dependent data that cover the full BZ. In this case, the use of inappropriate photon energies (k z being at a wrong place in the BZ) could result in the absence of an IL band in the data. For these reasons, we performed photon-energy-dependent high-resolution ARPES studies to map out the full 3D electronic structure of CaC 6 . In addition, we also investigated a low-temperature superconductor BaC 6 (T c = 65 mK) [18] for a comparative study. From our results, we not only confirm the existence of the IL band but also discover a peculiar k z periodicity in CaC 6 . Furthermore, the measured electronic structure of BaC 6 supports the interlayer-state-driven superconductivity scenario.
CaC 6 samples were prepared via immersion of natural single-crystalline graphite in a Li-Ca alloy for 14 days [11, 19] . Magnetic susceptibility measurements revealed sharp ( T < 0.3 K) superconducting transitions at 11.6 K. In addition, BaC 6 was synthesized by using the vapor-reaction method at 450
• C for six weeks. All samples were prepared in an Ar-filled glove box and cleaved at 30 K in an ultrahigh vacuum better than 8 × 10 −11 torr. ARPES experiments were performed with Scienta R4000 and R8000 electron spectrometers operating at beam lines 7.0.1 and 4.0.3, respectively, of the Advanced Light Source.
Before going into the experimental results, we first discuss the crystal structure of CaC 6 . Due to the symmetry change imposed by the intercalated Ca, the CaC 6 structure has a rhombohedron unit cell belonging to the R3m space group (AαAβAγ stacking) as shown in Fig. 1(a) . It thus has a three-times-smaller Brillouin zone (BZ) compared with that of graphene [ Fig. 1(b) ]. This can cause a possible confusion between the IL band and folded graphene band located at the point. Fortunately, the two bands have different k z behavior and we can distinguish them based on the k z dependence. Figure 2 represents the band structure of CaC 6 taken along the -K direction [20] . Although the overall Fermi surface topology follows the graphene case, there are two distinct features compared with previous reports [6, 9, 17] . The first one is a weak circular feature at the center of the graphene BZ. The other feature is a linear Fermi surface segment (indicated by the red arrow) that connects the triangular graphene Fermi surface pockets at K and K . We first discuss the circular pocket at the and then discuss the extra line segment later.
The character of the weak circular pocket at the point can be the folded graphene or IL bands. In order to investigate the character of the circular pocket at , we explore the k z dependence of the electronic structure. Figure 3 The k x -k z map in Fig. 3(a) shows clear spherical Fermi surfaces periodically located around points. Figure 3 (b) shows ARPES data taken at three different k z values of 6, 7, and 8 [corresponding to horizontal cuts in Fig. 3(a) ]. A weak parabolic feature clearly appears and disappears near the point for different k z points (indicated by the dashed line). Such k z -dispersive behavior strongly suggests that the circular pocket at the point comes from the IL band because the graphene π * band is expected to have no or very weak k z dispersion. The maximum binding energy of the IL band is about 0.85 eV. As for the size of the Fermi surface pocket, the 224516-2 measured diameter is 0.82Å −1 which is quite a bit smaller than the recently reported experimental value [17] , but comparable to the theoretically calculated value [7, 21] . The reason for the discrepancy may come from their use of a low photon energy [17] , at which estimation and comparison of the true Fermi-surface size compared to the BZ, the size can be rather different because the full BZ cannot be measured. We may verify the character of the circular feature in another way. Circular dichroism (CD) ARPES is found to be sensitive to orbital characteristics [22] [23] [24] and therefore can be used to analyze the constituting orbitals. Figures 3(c) and  3(d) show two Fermi-surface maps taken at the (62 eV) and A (86 eV) points. For both Fermi-surface maps, graphene π * bands around the K points have their unique CD pattern. As for the circular feature at the center of the BZ, a CD pattern with a vertical node is seen for the data taken at while there is no CD for the data taken at the A point. If the circular feature stems from √ 3 × √ 3 folded graphene bands, the CD pattern should be averaged out, as illustrated in Fig. 3(e) . We then expect no CD signal for both and A. This is not the case, as shown in Figs. 3(c) and 3(d). Therefore, it is likely that the IL band is responsible for the circular feature. It appears that the CD signal originates from the partial Ca 3d character in the IL band [3, 25] .
We now move our discussion to the extra linear segment in Fig. 2 indicated by the red arrow. We believe the linear segment in the Fermi surfaces originates from the graphene π * state because the feature appears only in the second BZ, but not in the first BZ. Such behavior is reminiscent of the pseudo spin effect of the triangular graphene Fermi-surface pocket [26] . Note that the triangular Fermi-surface pocket also has no spectral weight in the first BZ, as seen in Fig. 2 . To further investigate the origin of the segment, we did k z -dependent ARPES measurements along the K-M high-symmetry cut. Figures 4(a) and 4(b) show k x -k z maps at 0 and 1 eV binding energies, respectively. Although the k z -dependent signature is very weak in Fig. 4(a) , we can find a clear dispersive signature in the 1-eV data in Fig. 4(b) .
K-M-K and H -L-H high-symmetry-cut data in Figs. 4(c) and 4(d) provide more information. As can be seen from the ARPES data in Figs. 4(c) and 4(d), CaC 6 has two bands near the K (H ) points. The upper band has a strong intensity with the band bottom at 1.16 eV while the lower band is weak with the band bottom at 1.99 eV. The overall k z -dependent behavior of the bands is similar to that of the graphite bands, and the origin of such band structure is believed to come from partial hybridization between the IL and π * bands [4, 21] . Looking at more details, the upper band is k z independent and produces the triangular graphene Fermi surface in Fig. 2 . On the other hand, the lower weak band produces the circular shape k z -dependent signature in Fig. 4(b) (dashed red line) . It is also responsible for the linear Fermi-surface segment in Fig. 2 .
As discussed above, we observed k z dispersions not only in the IL band but also in the graphene band. A peculiar aspect of the observation is that both IL and graphene π * states possess a single-graphene-layer periodicity (4.52Å) in the z direction despite the fact that the CaC 6 unit cell contains three graphene layers (13.56Å). These observations can be understood if we consider that c-axis Ca ordering has little effect on overall electronic structure. The next step is to find the connection between the experimentally observed electronic structure and the superconductivity. Since CaC 6 is believed to be a BCS superconductor [11, 27] , we need to consider the electron-phonon coupling.
Calculation of the Eliashberg function shows that three phonon modes can mediate the pairing: intercalant in-plane (I xy ), graphene out-of-plane (C z ), and graphene in-plane (C xy ) phonon modes [21, 28] . Among the three phonon modes, I xy and C z require IL-state electrons while C xy need graphene π * -state electrons. Our experimental data with both IL and [12] 0.187 0.187 C xy -ARPES (eV) [9, 10] 0.165 0.165 graphene bands seem to allow all three phonon modes to be the pairing glue. However, we can count out the C xy -driven superconductivity scenario based on the data from BaC 6 in Fig. 5 . Here, we compare the amounts of the electron doping in graphene layers for CaC 6 , BaC 6 , and KC 8 [10] . Figure 5(b) shows that the binding energy of the Dirac point (E D ) for nonsuperconducting BaC 6 (1.75 eV) is smaller than that for CaC 6 (1.99 eV) [29] . It is also known that E D of the superconducting KC 8 (T c = 0.39 K) is located at 1.35 eV [10] . On the other hand, several Raman and ARPES results show intercalant-independent C xy phonon-mode energies in various GICs, as shown in Table I [9, 10, 12] .
The main parameter for the McMillan formula [30] for the BCS superconductivity is the electron-phonon coupling (EPC). From Eliashberg theory, we know that the EPC constant λ is proportional to the square of electron-phonon coupling strength g and electron density of states at the Fermi energy. In addition, g is related to the phonon-mode energy and Bloch wave function [31] . As noted earlier, various superconducting GICs share a similar C xy phonon-mode energy. We can then assume a similar g value for various alkali-metal intercalated GICs since their electronic structures are similar. Therefore, the amount of electron transfer to the graphene layer should be the main parameter to the C xy phonon mode driven superconductivity. We note that BaC 6 , which has more electrons in the graphene layer than KC 8 , has a lower superconductingtransition temperature than KC 8 . Therefore, the C xy -drivensuperconductivity scenario fails to consistently account for the superconductivity in GICs. This fact excludes the possibility for C xy -phonon-driven superconductivity, which suggests an IL-state-driven superconductivity.
In conclusion, we measured k z -dependent electronic structures of CaC 6 by using ARPES to investigate the IL states. We observe a k z -dispersive IL band and two split carbon bands. All the bands show a periodicity of a single graphene layer. Comparison of our data from BaC 6 with those from CaC 6 as well as with published KC 8 data allows us to rule out the C xy phonon mode as the origin of the superconductivity. Therefore, the origin of the superconductivity in CaC 6 is either the Ca xy or the C z phonon mode, both of which point to IL-driven superconductivity.
